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KNOCKING IN AN INTERNAL-COHBUSTION EHGINE®
By A. Sokolik and A.-Voiﬁov

The phenaononon of "knocklng® 1s assoclated with the
peculiar process of combustion 1n an internal- combustion
engine. The technical term "detonation®™ used in connec-
tion with thls partlicular type of combustion has not so
far been Justified by direct experiments establishing the
actual occurrence of thoe detonation or oxploslon wave. It
is only naturel that the groater aumber of investlgators
prefer to omploy torms that do not possoss ony clearly do=-
fined physiccl sense, such as "knocking," "pinking," M"cog=-
nomont,® "Klopfen.® Moroover, the groit majority of 1in-
vastigators declare thomsolvos positlvely opposod to the
ldontification of the knocking phenomenon with the deto-
nation wove holdling thoe formotlon of the lattor in tho one
.£lne to be impossible, Thus Whatmough (rcference 1) writos

"Tho detonation blast" and detonntion wave arc quito
different forms of inflrmmatory motlion. The dotonation
blast donotecs bodilly projoction of tho.highly comprossed
oxploslon gas from a hot pockot as compared with !'tho
detonantlon wave,! whlch 1s propollant hi;h spcod inflammna=-
tion ot o velocity limitod by that of tho recoding combustiblo.”

Brown ond Watkins (roforonce 2), A. Egorton (reforonco
3), and P. Laffitto (roforozce 4) advance numerous argu-
nents (different effoct of tho tompernture elovation,
facilitating tho occurrenco of "shock®" in the ongine and
suppressing the occurronce of the explosion wave 1n the
tubcj .absonce of tho oeffect of tetreethyl load in the
dotonation phonomcnon in tho tubo; tho noceossity for the
occurronco of tho detonation woavo in a-sufficlently long
tube; finally the poselbdility of obtaining a true explo-.
slon wave in oir-hydrocarbon mixtures) which forece thom to
tho position that "knock in onginocas dcos not appeer to be
necessarlly attributable-.to an ezplosion wavem (reference
4, p. 418)., TFinally, the conception of "knock" as a phe-

*MLe 'Coxsnerent! dans un Moteur a Essence et 1!'Onde Explo-
sive." Tech. Physics of the U.S.S5.R., vol. 3, no. 9, 1936,
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nomonon sanalogous to dotonation wavo 1s considered 1ncon-
patiblo with the chemical theorios of "knock" as, for ox-
anple, tho poroxide theory of Callondor (roferonco 5) and
of Mouroau and Dufraisso (roforonce 6). "Enock" is asso-
clatcd with elther auto-inflamnation of a port of the
cherge duc to tho decomposition of nccumulcted poroxidos
or it 1s hold with Dufralsse (roforencec 7) that

"The pecroxides play sonmohow the part of a dotoaator,
tho flame 1s propagatecd with vidratory motlion with an
sbrupt incroaso in tho gas prossuro’ (p. 134). A siniler
dofinition is given by E*erton (roforonco 3) and Laffittc
(rofeoronco 4).

"Inock in an englne 1s not necessarily associlated
with detoneation, but rather wilth a type of vidbratory com=
bustion .propatated wlth veslocities of the order of tems of
meters per second!" (p. 401). Those definitions of kaock
as a vibratory propagation of the flamc arc basod on the
wolleknown tests of Maxwoll and Wheoler (roforonce &) and
aro lor.;oly accoptod by tho Investigators of combustion.
(See also Morgan (recferasnce $) and Kiolsen (reforence 1C),)

A dofinite solution of the prodblom of the physico-
chemlcaol naturo of knock as o cortalan form of combustion
was nmoadce possible, howover, only as a result of the dircct
rocording of tho flamo propagation in the onglno cyliador
at nornal operation and wlth knoekingse This 1s the mothod
followed by the lnvestigaetors we shall now clte.

Withrow and Boyd (reference 11) in 1931, aad .Duchense
(reforonce 12) in 1932 published the results of & photo=
graphic invostigation, the first in the eagine and the soc-
ond in a vomd with a single-cyclo adiabatic comprossion.
The photographic records for tio knoclking 2ino obtoinod
by thosc two iIavestiygators aro ossontially similar. Kaoclk-
ing 1s localized 1n the rencining portlon of tho charge
tho nost distant from thoe svark plus nad is recorded in tho
form of a tranco porpendicular to the axis of motion of theo
recording paver. Withrow and Boyd conslder thils result
as a support of the theory of tha slnultaneous autoignl-
tlion of the lastpart of the charge. As additional cone:
firmation, Withrow and Rassweiler give spectroscoplc ob-
servatlons on the process of the oxidiging reaction occur-
ring in the nixture beforoe 1ts autolgnitlion. Duchone,
howover, on tho basls ovidently of 1ndircect conslderations
seos in tho simlilar photographle rceccords a proof of the
occurroncoe in the ongine of an actual eoxplosion wave.



. ;’h‘ :ﬁ"'

¥.A.0,A. Technical Memorandum Ho. 928 3

Howovor, as Prottre (rofeorence 13, p. 51) Justly remerks,
"Those cuthors have not been able to mozasure tho veloeclty

“of this'wavo and-photegraphs- published.would appoar to_ 1ln-
.dicate & volooclty greootor than thoso gilvon by groseous mixe-

tures hoaving a high oxplosive powoer,®

It 1s notevorthy that Jouguet (reforence l4) bases
hls doubte as to the formation in the englne of an explo~’
slon wavo on reasons dlametrically opposite. He conslders
that "the spoed obsorved by M. Duchone of tho order of
1,000 motors por second 1as actuelly too small for a truc
oxplosion wave" (p. 153). Prottre himsolf considers that,
"Many obJactions may bo mado agaoinst the assumption of the

instantaneous formatlon of a wave in the mixturoes of alr

and hydrocarbon vapors. On tho other hand, numorous argu-
ments supvort the viow of a simple simultanocous aunto-inflam=—
mation as couse of the knock."

An attempt to solve this samo problem of tho defini-
tlon of thc mode of combustion corresponding to knock 1s
also made bPr Schnauffer, maol-ing use of tho mothod of
ionization for rocording tho flame propagotion (referonce
15). Tor combustion accomponied by knock, Schnauffor ob=
talins oscilllogramse teostifying nccording to him to simul-
tanoous auto~linflammetion of a portion of the charge:

"Wherees, wlth no-knock combustlon, inflammation oc-
currs with a sharply deflned flcno front so that we may
spealzr of n stoady propagation of the flame front, in the .
cnsc of combustlon wilith knoek as tho records show, the 1ilg-
nitlon of the last portion of the mixturo occurs simulta-
noously at many point."

In his more recont tests conductod by a porfectod
method (roforence 16), Schnauffor arrives at the same con-
clusion., Novertheloss, both in tho tost of Withrow-Boyd
nnd Duchene, the datao furnished by the rocording mothod
onployed by Schnauffer wero apparontly insufficlont for
the solutlon of the problom undor consideration. In fact,
given a longth of dotonation zone in tho combustion chanber
of 6 continetédrs and a normnal speed of tho exploslon wave
of the order of 2x10° centimeters por socond, 1% 1s noecos=
sary to grant the possibllity of recording intervals of
tino of tho order of 10~% sacond , a procoss which is mani-
festly beyond tho limite of the oscillogrnoph nethod.

Thus in none of tho works cited above hes 1t boon suc-
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succossfully obtained a sufficiontly cloar physical defi-
nition of tho condbustlon in tho knocking ongino, a dofle=
nition bosed on reliadlo direct mensurenonts. In por-
ticular, the questlion remalas opon of the rolation betwoon
the phenorionon of knocking in the onglne and tho oxplosion
wave. Tho solutlon of this problom is the objoct of our
tests,. : . )

l. METHOD AND RESULTS OF TEE TESTS

For the problen we hanve propdsod oursclvos ond par—
ticulorly for tho resolutlion in the tino of tho phononenon
of high~speod conbustion duriang knock, the notliod of photoe
grapirlc rocording of tihe flanoe propogation free from inor=-
tic is particularly suiltable. Tho noethod of Mallard and
Lo Chatolior (reforornce 17) which ccnsists of nhotogrophiag
the flzae pronagoation on o fila nmoving poerpendlcularly to
the oxis of 1ts pronagatlion has boen applicd for the filrst
tine 1a 2n englne by WitLhrow and Boréd. Whillo following
fuadanoutally the nothod of the Ancrican invostigatcors, we
kave 1lntroducod an essontial nndificatlon, incrcasing con=~
sidorobly the speced of tho flln and therodby assuring the
possibllity of the dircet moasuronent of the noxinoun svpocds
of tho flano.

Tho tcsts wore conducted on an engiro speclally con=
structod for thls purposc having an aviation-type cylindor
127x140 nillinoters (l.77 liiers) displacemont with in-
clincd valves (fig. 1). The cylinder hecd has a slit 6
nillineters wide and 150 nillinetors loaz closed dr 2 coni-
cal-shape cock with o pyrex glass wiidowe. Tho latter 1s
connoscd ¢f two window plcees 75x17x19 nillincters with o
partition botwoeen thom corrosponding to the white Hoand on
the photograph. In order to avold tho black doposit on tho
winldcws, tho cock hofore tho experinent wos in the position
A (fiz. 2) and only at the instant of roccrding (at the in-
stant of tlle apenlng of tho electrornagnetlce swltch repgulate
2d by the motlon of the valvos) w=2e 1t put in position Be.
For rocording, we omnde usc of on apparatus with rotating
drv- having a naxiznun veloelty up to 7,000 rovclutions por
clnute, corresponding to a linesr smneed of 60 meters per
second. The apparatus was provided wilith an obJjective of
f = 132.

The cooling of the engine was by forced circulation
of weter or ethyleno glycol., The cengine was braked with
a dynamometer. The compression ratio was constant and
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oqual to 6.,3.- Ignition was dy moans of a coill at ono of
the .ends of tho chamber, tho opposite oponing bolng closod
-by-a& flot volvo. Tho-lgnition.-angle was indicated dy a
neon lamp. Taking into consideration ‘the fact that the
knocking regime leading to self-heating of the combustion
chamber cannot be stable, we have chosen the followving
order in the conduct of our teata. For a certaln carbu-
retor adjustment, a certain engline speed, position of the
choke (normally ontirely opened), Jacket temperaturo, and
ignition angle, thore was first ostablished a rogime for
whlch the ongine operatos without knock. Thon immodiately
bofore oponing the switeh, tho ignition angle was lncroasod
to o cortain predoterminod value with the aid of a spocinl
lovor displacod on tho intorrupter disk. In thls mannor
was rccorded one of tho first dotonatlon cyclos,

Shock and PExploslon Wave

. The discontinuous change in the character of the
flane propagation assoclated witlh the occurrenee of knock
is clearly bdrought out by tho comparison of the two photo=
graphe showing the regimes with normal combustion and with
.knock, respectively (fig. 3). In tkec. case of normal com-
bustion, tho flame 1s propagatod over the cntire oxtont of
the conmbustion chambor wlth & rolativoly small volocity of
tho order of 10-20 moetoers por socond. Holfway ovor the
flome .travel, we obsorvo an opproclable dcerocass 1In 138
vealoclitr. If thc combustlon 1s nccompcnied br knock, the
flome propegetion malntnins tho same choracter wlth the
exceptlor of the last portion of the chnrgo, whoero tho
troca of tho flame 1s recorded by o line perpondicular to
the cxls of motlon of tho fllm with a strintod structure
in tho zono of post-luminecsconce (fig. 4). Those records
as woll as thoso of Withrow-=Boyd and Duchecno show that
knock l1ls assoclated with an abrupt change in the veloclty
of flamo propagation localized in the portion of the charge
which is burned last without changing the flame propaga=-
tion in the preceding part of the chamber., Thls, howevor,
does not solve the problem of tho modo of comdbustion in
tho dotonation zone. Is the combustion producod simulta-
neously in the ontire mass of tho dotonating charge (ac-~
companlied by thoe disappoaranco of tho flame fromt, accord-
ing to Schnauffor) or 1s tho flamo front propagated with
.the vory high wveolocilty of an explosion wave? Tho onswer
to thls quostion can bo obtalnod only by recordling tho com-
bustion with a sufficioent displacomcnt volocity of tho ro=-
cording paper.
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The resultas of the gradual acceleration of ‘the veloc=
1ty of the recordlng paper from 3 to 30 meters per second
are shown -in figure 4. The records A, B, and C are here
similar to those obtalned by Withrow-Boyd and Duchene.

The record D, however, recorded wlth a veloeclty of tho
papor of 30 moters por second, and particulerly the photo-
graphs of figure 5 corrosponding to velocitios of 50 and
860 meters por second give a moro accurete idoa of the
charactor of the comdbustlon iIn tho detonatlon zono. On
figure 5-A and C the detonetlion zono takes up about 5
contimotors of the lcngth of tho chamberi on figuroe 9-B
the dotonation 1s producod in thc immediato noighborhood
of tho chambor wall.

The records of figure 5 show that during knock there
1s produvced not a simultaneous auto-inflammation of the
last portion of the charge but a flame-front propagatlion
with a finlte veloclty determined by the inclination of
the flame trace. The exact measurement of thls velocity 1s
difficult because the detonating zone occupiss a rela-
tively uanimportant part of the chamber. Tho measuroments
for constant carburctor adJustment, however, have glven
approximately ldentlcal values of the veloclty and of the
same ordor (about 2,000 meters per second) as tho veloci-
tios of tho detonation wave moasurod in tho tube. As in
the casc of detonatlon iIn the tubo, during the occurrcnce
of an oxploslon wave 1n tho englne therc is formecd a ro=-
flected detonation wove propagated in the burncd gas. Its
volocity (R), as follows thcorebically, is alwarys consid-
orably bolow the volocity of tho detorntion wave (D).

D m/s 1980 2020 2200
R " 1500 1580 1760

Tho above results pormit us to stete that knock in
the ongline 1s assoclated with thoe instantanoous occurronce
of a detonetion vave with all tho characteristics peculiar
to 1t. )

Shack Waves

Tho dotoratlon or oxplosion wavo ropresonts accord-
ing to the classiecal oxpression of Jouguet (reforonce 8,
p. 323) "tho cooxistonce of tho mochanical and chemical
phenomenon of the shock wave and of combustion.? When
the chamber wall 1s reached, the explosion wave 1is ro-~
flected, 1s propagated in the burncd gas, and partlielly
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‘dissocicted undor tho form of a shock.wavo. Our photo-
-graph.rocords _show tho porlodic reflocctlon of the shock
‘'wave by tho opposiio wall of tho chambor and partially

by tho pnrtition of the window.. The propagation of tho
unroflocted shock wavo occurs with grodual attonuation.
This corrosponds to tho progressive decrocase of tho com=-
proesslon pa/p1 in the wave and consequqontly to the ro-
duction in 1ts velocity. Under tho conditions in tho en-=
g€ino, tho phonomonon of tho wave attonuation, somowhet
roinforcod by oxpansion, is oxtonded about 700-80° beyond
tho doad contor. - Tho volocitics of tho shock wave cnn bo
measured with greater accuracy than those of the detona-
tlon wave and give the following values for the waves
after the first and sixteenth reflection:

D, m/s 1460 1520
D,g m/s8 930 980

The reduction of the shock wave voloclty on the pho-
tographs obtelnod wlth a lower speod, o8 on flgure 4 A-C,
is brought out by tho decroecse in the frequency of the
strina. It 1s from tho frequeacy of thoso striac that
Duchono has evaluatod the moan volocity of the shock wavoes
of tho ordor of 1,000 m/s and fithrow and Rassweiler (ref=-
orcnco 19) a vuluo of tho order of 800-900 motcrs per soc-—
ond., 7Vibrotions of tho same frogquoney have boon obtained
on indicotor dlagrems obsorved by Witkrow-Rasswolilor and
Serruys (roforonco 20). Our toets show clearly that this
moan voloclty 1s considorably below tho vclocity of the
first reflcctcd wave whoreoes tho velocity of tho lattor
1s loss thon the voloclty of the flame-front propagation
in tho roglon of detonation., As follows from our tests,
the definitlon of the detonation 1n the engine as "an ad-
vanced form of vibratory type of explosion®" (Egerton) 1is
in conformity with reality only in that subseguent to the
occurreace of the detonatlion wave in the last part of ‘the
chargo thero 1ls repeated and poriodlc reflection of tho
shock waves by the chamber walls.

Computation of the Volocity and Pressuro of the
Detqnation ¥avo
Tho thormodyncmic theoory. of the detonctlion oand shock

wvaves pormlts us to computo tho veclocity of tho oxpldsion
wavo as woll as the pressure and tomperaturoc at the flameo
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front from the initlal condition of the gas and the equa=
tion. of the chemlcal reaction.: A computation of this
kilnd hcs been performed for an alr-fuel mixture by making
the following assumptions:

The shoek wave 1s produced during thoe final stage

of combustion noar the polnt of maximum prossurc. We ore
thorcforo pormltted to take for the initicl condition of
tho gas at the instant of occurrenco of tho oxplosion
weve tho valuo of the maximum pressurc obtained for nor-
mel combustion, and the tomperaturce corrcsponding to this
prossuro according to tho law »f adlabatic compression

1~ :
Fk T = constant. By assuming for tho maximum prossuro
of normal combustion 25 atm and k = 1.25, we obteln for
thoe tomperoture of the last portlion of the charge Ti1 =
615° absoluto (initial tomperature Ty = 323° ads). Assua-
ing the fucl to be cequivalont to hoxane, we obtaln the
oquation of the reaction:

CeH14 + ©e505 + 35.7%, = 6005 + 7Hg0 + 35.7¥5 + 1007 cal

The computatlon made from these data gave for ths ten-
perature of the shock-wave front Ty = 3390° abs. The ve-
loclty of the shock wave 1s correspondlngly equal to 1850
metors per second, a valuc which approachos the oxperimgan-
tal volue 1f we teoke account of the posaldble orrors 1a the
cssumptlons and of the meansurement of the wave velocltye.
The corrosponding increase of ths prossuro ot the shock
wave froat 1s Py/P; = 10.4. This moans that tho occur-
ronce of tho oxplosion wave in the engino 1s accompanloed
by an zbrupt prossurc risc cxcceding ton times the maxi-
mum prossuro of normal combustion. TUsing tire valus of tho
prossurc Py = 25 atm bofore the risc of the cxplosion
wavo, wo obtaln for the maximum pressurc of the detonatlon
woave ‘Pg = 260 atnm.

All tho indicators employced do not pormit evon ap-
proximately tho ovaluntion of the actual prossurcs during
knock. The indicator in this cnse measurses tho lmpulso
of tiac force. which undor certaln assumptions may be com=
parod with tho results obtalnod by computation.

Sorruys (roferonce 21) has computcd tho duretion of
the dectonation impulsc by moasuring the nagnitude of the
lag whieh takos place during tho dotonatlon noear the point
of maximun prossuro on tho dlagram rccordol by tho Farnse-
borough indicetor. Ho obtained o value of the order 10~ 4
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second. The order of this magnltude may also be evaluated

-~by-another method: namely, as the time interval between

-

two consecutive impulses- of ‘the '‘detonation wave and of the
first wave roflected on the memdbranc of the indicator.

For our ongino cylindor with a diamctor of 150 millimotors
and givon tho veolocity of .the first rofloctod wave equal
to 1,500 moters per sccond, this timo intorvel is

0.15x2
1500

= 2x10™ * geo -

¢ valuo which approaches very closoly tho rasult obtcilned
by Serruys. Duchene and Verdier (reforonco 22) have con~
structed a spocial mechanicael model that roproducos the
intonsity and tho frecquoncy of tho impulases imparted to
tho Hidglory 1ndicator dianhragm during dotonation. Thoy.
havo moasured the "force of the knock" corresponding in
thoir tost to the impulsc of a woight of 10 kilograms at
a voloclty of 3.6 motors por socond on a plstoa of 100
millimetors dlamotor. ZFor a unit of surfaco, this corrc-—
sponds to an impulsc of

1l0xX4x3,6
100x3.14X9,.6

= 48x10" 2

If wo cstimato the valuo of this impulso from tho
incroaec 1in the prossuro at the oxploslon wave front,
computod by us (235 atm) and from tho intorval betwoeen two
consccutivo knocks (2x10~4% soc), wo obtaln:

235x2x10~% = 47x10~3., Thus thc impulsc computed from tho
shoelz wavo agrecs with tho rosult of direct moasuremont,.
This, howovor, docecs not prove tho accuracy of the compu-
thtion or of the diroct moasurement of tho lmpulso. Hovor=

‘theloss, this agroonont may be considorod as a now 1indil-

roct proof of the occurronco in tho ongince of an actunl

. oxplosion wavo oboying tho lows established by tho thormo-

dynonic thoory of tho detonntion phenomonon as doveloped
by Jouguet.

In ono of his articles, Ricardo (reference 23, pe. 258)
has writton: "The amctual phenomenon of dotonation coupled
with tho voxing question of' whothor or not it is a true
dotonatlion in tho aceademic sonso of the word, arc probloms
for tho chomist and physicist to decide. To thoe enginoer
and designor, tho incldence and not tho definitiovon of )
dotonation is the factor which dotorminos tho compression




10 ¥.A.C.A:. Tochnicol Momorandum Noe. 928

ratio he may enploy, and therofore limits the power, out-
put, and efficliency he 'can odtaln."

Actucelly, howover, the problem of the mode of combus-~
tion during tho dotomation, whether it occurs instantly
as asgumed by tho thoory of aut-inflammatlion, or with a
considerable dbut ° finitoe veloclty of the explosilon wave,
is not at all acrdoemlc. The dlrectproof of tho rise of
on oxplosion woave 1n the cngino permits us, with tkho cid
of the thcrmodynamic theory of dotonation, to computs,
though approximatoely, tho duration as well as tho value
of thc detonotlon impulso and to ovaluate the moaxinmun
prossurec during tlhc detonation, volues thot ~re very ime-
portant fron the practical polnt of viow and that lend
thomsolves only with difficulty to dliroct mcaosurcment.

Instent of Occurrence of Detonantlon Weve

. The intervel of timo from tlic doad-conter position
to the lastont whon tho dotonmtion wave 1s produced do-
punds or difforent factors. It decronsos with incroasec
in sparl: advenco, with chanze in tke carburotor adjustnmont,
attaining its minimum valuo vith o mixture that 1e closo
to tho corroct onc, and varies finnlly with nodificaotions
of the fuel charactoristies. By a2dding sthyl fluid or
toluol to tho fuel thc instant of occurronco of the deto~
netlon wavo rccedos considorobly from tho decd contor.
Thore is also an increasc 1n the cistance from the spark
plug to the polant whoreo the dotonatlon 1s produced.

Wo hnove, in additlion, conductcd a sorics of tosts 1n
which we voariod within wido limits (40° to 145°) tho tone
porcture of tho coolingz liquid: ncnely, ethylono glycol.
On thec besls of tho photograph rocords obtalned at o con=
gtent comprossion roatio (6.3), 800 rovolutions per ninuto,
spark advanco 18°, wo hove noasurcd the time interval (in
degrocs of angle of rototion of the flywhoel) from the in-
stnnt of doad contor to the instoant of occurronce of tho
explosion wave. From the variations of this value, 1t is
posslble to Judge the effect of ths changs 1in tempserature
on the course of the chemical reactions which precede the
detonation and propare for it. TFor the purc fuel, wo used
throec differeant carburctor scttings corrosponding to tho
following values of the extcoss alr coefficiont, 1.12, 0.9,
and 0.75, Tho corresponding data for tnose threo values
arc shovn in figure 6. We may notc thet thaso results aro
confirmod by the tests conducted by Auecr (reforence 24,
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tablo 5 and fig. 7) if wo takc account of the fact that
.during thoso tosts tho mixture graduslly loanod with in-
croase in air tomporaturc from 23°%-to 74°.. .In the caso

of loan mixturos the incroaso in the tomporaturo loads,
moroover, to & considorable increase (almgst doubdblo) 1in
tho moan voloclty of the flomo propagation during nornal
combustlon so that tho combustion ends sufflciontly near
dond contor. Thls shows thot with high tomporatures it 1is
posslble to obtaln rogular oporation of tho ongine wilithout
backfiring 1n tho carburcetor with mixturos having cxcess
air valuos boyond l.2 such as is imposslblo with low tom-
poraturos. If tho cngine ie operating with a mixturoe
corrosponding to maxlioun powor, tho noan veloclty of propa-
gotion of normal combustion proctically doos not vary wilth
ineroaso in tho cylindor-jacket tomporature (fig. 7).

Tho rosults of thesc tests agroo wlth ard at the sano
timo oxploin the obsorvations mado by Pulsals and Moyanot
(roforvnce 25) on tho offect of tho tonporaturo rogulcatlion
during Intake on tho povor and efficlency of the onglne.
"Phis offoct 13 vory slight for a corroct nmixturc withiln
the nornal linits of tenpcraturc varictlion., It lncrensos
with cirnnge 1n nixturo richzoss. With loan rogulcotlon,
cn incrocse 1n tho temporaturoc docronscs the fuol consunp-
tion oand 1lncroases the powor.”

In the litoraturc on the subJeet, wo find cortain
referencos to the lacronsce of the actlon of tho totra—
cthyl locd ae a result of the elevntion of the cooling
liguld tenperature (reference 26). Our tests, however,
do not confirm these observetlons.  For a maxlmum~-power
mixture, the temperaturse celovation has practically no ef-
feet 1n chonglng the time intorval up %o the occurronco
of dotonctlion ovon whon tho fuol used has an othyl contont
of 3 cubic contimetores per litor (fig. 8).

Dotonation and Autolgnition

Simultoncously with the occurronce of tho. explosion
wavoe in the last part of tho charge 1t 1is also possliblo
for ti.o phenomonon of autolgnition to occur ns a rosult of
the local hoating of tho combustion choambors walls, a hoot-
ing in groat pert duo to tho precoding dotonatlon. This
complotoly oxcludos any posslbllity of a steblo detonotlon
rogino in tho cngino., With incrocse 1n tho wall tomporo-
ture, thoro 1s o docrcasc in the ignition lag and the auto~-
ignition point approachos tho doad-contor positlion. TFig-
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uro 9 shows cloarly this gradual appronch of tho point

of autolgnitlon. Tho flame front which is formod ncar

the "hot point" is propogntod toward the extromity of tho
chamber os woll as 1n tho dircction of tho flamo front
advoincling from tho spark pluge If the instont of auto-
ignition is sufficliently closc to tho dcad conter, tho
normnl combustion has sufflcient timo to consume tho en-
tiro chargoc bofore tho occurrcnce of tho dotonction wave
(fig. 9d4). Tho cutoignition ot tho ond of tac chambor is
ropresontod by the inscrtion of a socond spark plug not
included in the cloctrie circuit. Tho role of the hot
point is pssumod iIn this cose vy the cleetrodo of the sce—
ond spark plug near which the cutoignition occurs. Tho
rocord 1n figure 10 was obtalnod for an cagine with great
"knock intonsity, the photograph having boor obtroincd at
precisocly the instant of dilsoppcocarance of the knock when
the cagline had begun to oporate in a normcl meonnor. As
appecrs from flguroe 10, this 1s oxplalnod by the fact that
the two flamo fronts = of the spork pluzg cad of the "hot
noixat" - hove net sufficlently noor tho dead certer defore
the detoaation wave could be formed. The progressivo 1in-—
crecase 1ln tho hot-point tonporaturoc 1leeds to autolgnltion
during the compression and consequertly tc¢ tho stoppingz

of the ongine as hoas been shown by the tosts of Dunanois
(roferonco 27) ard Serruyes (roference 28). Our tests
prove thoet tho acutsipgnition arlsiang largely ns o conso=
gquonce of thc detonation is o phenonmonon ossontially dis-
tinct from the lotter Both by i1ts physicel choracter,
charnctor of the flame propagatlon, ond by 1its actlon on
the 2ugine operatioa.

Diascusslon af the Results

The method onployod by us of high-speocd rocording of
the floane propegoation 1a the orglne has wrovided a dofirite
solutlon of thc problem of the physicel charactor of knock,.
Contrary to tho opinion provailineg at presoant, knock in
tho cuazlro 1s cesoclatod not with flamo »nropazation cf o
vibratory typo cnd not wilth sinultorcous cutolgnition of
the lost part of tho charge but wlth tl:e suddoa formotioa
of an cxplosion or dotonntion wavo propagotod with o~ speed.
of the. ordor of 2,000 neters per socond. IWE”EEVB, howeveor,
vory (ood rocnsons for supposing thot tho nechazisn of oc—_
currence of the explosion wove in the ongiac differs 1n o
.proaouaced fashlon from that of 1ts formetion In tho oxygen
nixtures in a tubos
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2. FORMATION .OF SHOCK WAVE

~ LR .
L

There exist three types of flame propagation in
closed tubes, represented in figure 1ll. The first typeo
(fig. 11-A), with decrocasing spooed, corresponds to the
normal combustion. (without knock) in the engine. The
sgcond is tho vibratory type (fig. 11-B). Tho vibrations
or theo roecolls of tho flame front are ceaused by tho action
of comprossion waves of finlte amplitudc produced as a
result of tho considcrabloc voloclty of tho combustion ond

roflocted by tho closcd onds of the tube (roforoncos 29
and 30).

Givon & sufficiont lcngth of tube, tho compression
waves which arise contlnuously accumulato, forming tho
front of tho shock wave. Tho same factor (temperaturo
clovation of the gae) which lecds to tho progressivo ace=
colorantion of tho volocity in the sorilos of compression
wavos loads also to tho continuous acceloration of tho vo=
loclty of rocction nnd flamo propagation in the predoto~-
nation zono (fig. 11-C). Thus, 1n oxygon mixturos, tho
shocl: wvave 1s formed as & result of the aunto-acceleration
of the combustlon 1n the predetonation zone. If the mix-
ture is suitable for detonation, that 1ls, if it 1s capable
of ignlting after comproesslion by a shock wave with vory
short lrg, tihhen the formation of tho shock wave results
Immodiatol; in the rise of an cxploslon wave. It 18 =21lso
ovidont that in thils casc tho mean voloecity of the flamo
in tho prodotonation zono should bo equal to the voloclty
of tho 1lnitlal compression wave, that 1s, of tho ordér of
moagnitudo of tho veoloclty of scund (roforonce 31).

"In the englne, however, the character of the flame
propagation preceding the formation of the detonation
wave 18 in no way dlstinguished from tho normal combustion
and 1s similar to figure ll~A. Here the mean veloclty
both for normal and for knocklng regimes rarely exceods
20 meters per second. ¥Not only do we not observe any ac-—-
celeratlon or recoil of the flame in the onglnec which are
characteristlic of oxygon mixtures but the risc of the ex-—
plosion wave is ordinarlly precoded by an adbrupt slowing-
down of the flame propagation so thet the veloclty
proaches s

sertion that the shock wave which produces the detonation
wave is not formed in the zone of normal combustlion pro-
cgding tho dotonation of tho eggine. From this viewpolnt,
particular interest 1s attoched to the observations of
Schnauffer (SAEJ, 16, p. 22):
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"Moasuronont of tho spoeced of flomo-front propagation
during knocking in an ongine coarried out with this appa-
roatus (nicrochronomotor) govo speods of 265 to 300 nmctors.
In spite of vory hoavy detonatlion, no greator espoed was
obsorved, Hitherto publishod values of 2,000 notors aad
noro por socond for flone-propagatlor spocd during detonco-
tion, which for tho nost part wero ascoertninod ia tubes,
do not scom to reproesent tho truec stato of affalrs. Thc
spood lles well bolow the spood of sound.™"

The innor controdiction of this obsorvation is cvi-
dont. In fact, 1f the obsaorvod speced rofors to thoe normel
zorg of combustlon, 1t never oxceods, ns also tkhe noaon
spoced for the entlre oxplosiom chandber, 20-30 nectors per
sccond., T.is appoers both fron the tosts of Withrow-Boyd
and from our ncasurorents as well os fron tho neasurconcnts
conductod by Schoauffer hicsclf (roforenco 15). At tho
sano tlno, this voloclty cannot be .-attridbutod to the zoro
of dctonation where, occording to Schnauffor, "thae flano
front disappoars ond tho conbustlon tokos placo slnulto-~
neously throuzh tho entirc nasg of tho charge." To what
thon should this veloclty be roferrod? It 1s o nystery
which the cuthor loaves unsolved for use.

Suitadbility of tho Mixture for Detonation

-~y The tosts of Hlelsorn, Egerton, and others have shown
that in the air-kydrocarbon nixtures (for oxample, pentono)
sinilar to thoe fuols tho detonntion wave 1s not produced
cvon ia tho case of vory aigh initianl prossurcs (up to 10
atn)es Up to tho.prosoat, tho spontaneous occurroance of o
detonation woeve has only beoen obscrved in tho cose of hy-
drogon nixturos (roferonce 32) and of acetylone with air
(roforoaco 33).

Thus, wo nay considor as establishod:

1, Tho fact of the oscecurrence of the dectonation wavo
in tho engino durilzy knoclking;

2« The fuct that tho shock wave in tho cngino 1s not
produced os a result of nornal conbustion preo-—
ccding the detonation.

It is curious that the oxplanantion of thls contra-
dictlon skould be furnished by the chomlcel thoory of
knocking gecnorally opposcd to the theory of tho cexploslon
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wave. It has been best formulated by Hgerton {reference
-34) as-the._theory of preactivation. The conditlons per~
mitting the occurrence of detonation in the engine are _ _
determined by the .reaction of oxidation which is deveol-
oped &s a chain roaction as & result of the heating of
the mixture by the compression and tho hot surface of the
chambor and ocspecially by the oxhaust valve. The centors
at which tho roaction chains originate aroe prodbadly .pro-
vlidod by the products of tho initial oxidation of the
hydrocarbons; namoly, the poroxildes. Tho most activated
part of tho charge 1s naturelly that which 1s consumod .
last and consequontly remalns the longest exposed to a

high tomperaturo; honce, 1t 1s there that the detonation
wavo arlsos.

The mochanism of tho choemical cetivation of tho mix-
ture corresponds probably to reactions taking place dur-
ing the inductlon period preceding the occurrence of tho
chomilumincsconco (cold flame). As a proof, there may be
pointed out, for example, the considerable lncrease 1n
the aldehydes in the last part of the charge immedlately
before the occurrence of the detonation wave. Thils 1is
shown by the mothod of sample analysis of Egerton and by
tho absorption spcctra obtaincd by Withrow and Rasswoller
(roeferoncoe 35). Tho fucl-air mixture at tho instant of
complction of the induction period differs radically from
tho initlel mixture by itse tondency toward ignition with
o vory short lag and honce by lts sultability for pormit-
ting the propagation of tho shock wavo. At the same %timo,
tho ignitlion of tho activatod mixture by the normal com-
bustlion front 1is producod with a sufficiontly short lag
to pormit a local and rathor rapid pressurc riso which is
characterlstic of o shock wavoe, From this —omont on, the
combustion of the fuocl-~alr mixturc dovcelops in a monner
gulte ldontical with the detonating combustion of oxygon
mixturos. Tho role of ignltion is heroc assumed by the
normal combustion front in whoso immodiato nolighborhood
arlsos tho front of tho shock and dotonation wavos. This
proxinlity of the point of occurronco of tho oxploslon wavoe
to tho sourco of inflammatlon also takos placo in oxygen
nixturos with a high detonating valuo (such as acetylono)
provided thoro 1s givon a high inltial preossure ond a

‘strong ignition.

. g i vyt

It should be notod finally thet prohoating apparently
pornits the risc of a detonation wave in tho fuocl-oir nlxe
turos as well gs in tho bomb,according to the tosts of
Wellard and HMondain-Monval (rofgrence 36). Fron this
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polint of vicw 1t 1le ocsy to understand tho roosons for the
nogntivo rosult of Egerton and othors whoso tosts wore con-
ductod with high 1nitial pressures but with low tonpora-
turos.

Detoratlion and Speed of Combustion

It is genorally assumed that detonation in the ocngine
arlsos as a rcsult of too-rapid combustlion. According to
the rule of Ricardo (rpfnrenco 37): "Dotonation doponds
prinerily upon thoe rato of dburning of that portion of tho
chargo first ignitod, and 1t ronalns to discuss what actu-
olly coatrols its rate.™ In a noro roecont crticle (refor-
‘onco 38), Ricordo, doveloping the sanc line of thought,
assoclotos tho oceurrcnce of doctoanatlon in the onglne uwilth
the veloclty of the flamo in the normal conbustlon zono:d
"It sccns qultc clear,that dotonntlior is initiated only ct
the oxtromno ond of tho fleme treavel, duc to tho conprcs=~
slon of usually somnc quite sncll portion cf the unburned
chargo by tho appronching flane; whoethor or noast detonotion
wlll $tok> place with any glven fuel deponds upon whother
this unburnod ges can got rld of 1ts hoot to the surroundiag
walls at o suffieclent reto. This ir turn deponds upont

1. Theo spced of the onconing flane, which tonds to
incrcase vory rnpidly os it travols outwards
fron theo point of igepition end tkorefore, in
effect, upnn the length of flome trnvel;

2. Tho tcopernturo of tho surfoces surrouandiang the
rosldiun of unburaod charge;

3« Tho dogroc of turbulence otc.n

We nay noto first of all tho ilnner contradliction of
the concoption -0f Rlcurdo, Accordin, to hin,,.the dctona-
tion noy be ellipinnted by incrocsing the noat transnlssion
of tkho last portlion of thos chargo by a sroctor combustion
tine and turbulonce. Novorthecless, arnd Rilcardo adnlts 1it,
the turdbulonco by focllitnting the hoot tronsmission ot
tho suorme tino acceloratos the flano prepoagation. On the
othor Laad, therc renzlns without oxplenation tho anti-
dotonating offoct of tho roductlion of tho ecylindor cdiomoter
and the flomo travsl,which Ricardo hinself puts at the
baesls of his theory of tho deslign of antl-detonating con-
" bustlon chanbers. Apparontly, the roduction of tho loagth
of tho chanber dccrcasce the conbustion tiaec azd is con-
soquoently oquivanlont to an accoeleration of tho lattor.




N,A.C.A. Tochnical Monorandun Fo. 928 17

Morocovor, as shown by our photographle rocords, boforo tho
occurroace..of dotonation thoro 1s obsorvod not an accolore-
tion of tho flame voloclty dit a suddon -slowing dovne [Tho
lattor is explained by the variation, ‘as the flame front is
propagated, of the ratlo of the fresh to consumed gas vol-
umes. In the engline thls effect 1s further increased by
the expansion especially 100-12° after dead centor.

As 1s shown by our tests for combustibles with o high
detonating valuo, tho detonatlon is relatively rotarded
and is produced at 300-40° after doad center with a spark
advance of 18°., Auer (reforonce 24) in this tosts, points
ta a2 8t1ll more retarded dotonatlon up to 70° boyond deand
conter.s It 1s evident that under thoso conditlons dotona~

_tion is producod during a strong reduction of tho pressure

and not as a rosult of a sudden risc in tho lattor and of
tho comprosslon of the last portlon of the chargo os is
usually assumod. XEven 1n the cose of a rolatively advancoed
dotoncation (as a roesult of a largo spark cdvance), wo sco
in the indicator dlagrams a horizontal lino bofore tho
abrupt preossurce increaso durlng the dotonation. This poirts
to an interruptlion of the prossure risc bofore tho detona-
tion. All this loads to a revigpion of the widesproend idoas
of dotonatlion as o result of an oxcosslive specod of combuse
tlon. It 1s, on tho contrary, morec probahle that tho doto-
natior 1s produccd ae cn indircet rosult of tho slowlng
down of tho combustion in the cngince. TFrom this point of
viecw, thc presonco or abscence of dstonatlon 1n the orglmne
deponds ontlroly on tho chomlcal activation of tho mixturo
which di1d or did not havo timoc cnough to bo complotod bo-
fore tho normal combustion 18 adblec to reach the end of tho
chambor. Consoquently, as deciding foactors, thare arc to
bo consldorod on tho onc hand tho spoed of propagatlon of
normal combustion and on the other the initial temperature
and the speed of oxlidation. The lower this temperature

the carllier 1ln the compresesion will the growth of active
centers take place (peroxides) and the nocaror the dead con-~
ter during oxpansion will the mixture becomo sultabloe for
dotonation.

It is interocsting to note that the meximum veloecltlos
of flamo propagation in tho tudbe for hydrocarbon—-alr mlx=-
turos according to tho measuromonts of Payman (referenco 39)
are almost ldontical:

GE.; CQHG caH.a 04310 csﬂla
¥ cm/s 65 81 80 83 83
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It 1s known that tho 1lnltlanl tempeoraturo of oxidatlon for
thosc hydrocarbons decroascs with lncrcaso in molocular
wolghte It 18 only naoturcl thoat thoe above serics shows
can lrneroasling ordor of dotonation valuo.

Tho now conceptions of tho part pleayed dr the voloc-
1ty of the flamo propagation In tho onginc dotormino nat-
urelly new mothods for tho suppression of the phoaomonon,
The antl-dotonntlng offoct may bPo obtained not only by the
gslowlng down of tho chomical nctivation of ralsing of the
initlnal oxldation temperoture, to whicn action, for ocxon-—
ple, totrocthyl loed contributos, but 2lsc by aceclerntlcon
of thce flome propeogetion. It is.to the latter ocction thot
may be attrlibuted tho azti-dotonating offect obtoincd b
turbulecnco, reduction of the flame trovol, double igritioxn,
decronasing considernbly according to tho tcsts of Horvin
(referczce 40) tho combustion timo, ord finally, tho cddi~
tlon of hydrogon to thc nlixturoc in the eylindor as shown
by tho tosts of Egorton and of the Burecu of Standards of
tho Unitod Statos (rcferomzco 41), tho addition of aydrogon
producling o notahlo accelorantion of the flane propagotion,
Tae possibllity of olininating detonntion 1In tho eaglroe as
a rosult of ~nccelornting . tho normecl condbustion 1s 2lso
well showre by our tosts wlth the autolgniltlorn of tho kot
point (figs. 9 and 10).

The rogulation of thc time fretor during combustion
in tho cnglino neay also be utilized for the supproession of
the dotonation phonorncnon. It shoul? not bo ovecrlooked,
howover, that the accolorntlon of tho rormal combustion
in tho cngino lcods also to an incroasc ir tho raxinun
tenpercturo of the last portion of tho caarge, which fact |
does not pormlt Influonclng tho specd of oxidatlon of tho
lattore Thals linits tho effoct of the new ncthods for
tho elninatlon of tho dotonation phoxnononon in the erngilno.

3. SUMMARY

L. By thec high-speed-photozraphy metlod, 1t has been
possible to demonstrate the occurrence of a detonatlon or
exploslon wave with a velocity of the order of 2,000 metors
per seconé 1n a gasolins ongine during knock. Simultano-
ously, there was recorded tho rcfloctod dotonation wave
and the propagation of waves during knock poriodically ro-
flectod from the chambor walls. Our photogrephs pormit o
vory oxact ovaluatlon of the greduvel varlation of thelr
velocitics.
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2. " The effect of the cooling~fluld temperature on
the occurreace of detonation was studled. The effect of
a temperature increase was found to -vary with the rich=-
ness of the mixture., TFor locan mixtutres; it.was found that
the flame propagation was.acocelorated as a result of tho
riso in tomporaturc with the consequence of an evon moro
stablo oporation of the ongine utilizing thosc mlixturos.

3. The occurrenco of autoignition.in tho engline was
invostigetod and 1ts relation with the phonomenon of deto-
nation ostablished.

4., On tho basis of experimentel data gonoral hypoth-—
eses wero formulatod, sorving to explain tho special moch-
anism of the occurrence of tho detonation wave in tho on=
glne. Accordling to the now point of view, tha formation
of tho shock wove ond of tho explosion wavo 1n the onglne
doponds on the modification of the properties of tho mlxe
ture cs o rosult of the chomleal cetivotion Proceding tho
ignition.

5. Cortoin considerations are adduced vwhlch show thet
tho detonation, contrary to tho provalont opinion, 1s pro=
duced in tho engline not os a rosult of accolercted combus-—

tion of tho mixture but rather os o rosult of rotardod come
bustlon, : :

Pranslation by S. Roiss,
Natlonzl Advisory Commlttee
for Aoronautics. .
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N.A.C.A. Technical Memorandum No. 928 ‘ Figs. 1,2

FPigure 1.- General view of the engine.

Figure 2.- Two positions of the c¢ock in the cylinder head.
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N.A.C.A, Technical Memorandum No. 928 Fig. 3

Figure 3.- Photo-records of normal combustion (A4) and with

detonation (B) in ‘the engine. C- spark. D- point
at which detonation is initiated.



Figure 4.- Photo-records of combustion with detonation in the engine
obtained with an accelerated velocity of the recording paper
(from 3 to 30 m/sec.).
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Figure 5.- Photo-records of the detonation wave in the engine.
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Flgure 6,- Displacement of the inestant of occurrence
of letonation with temperature.
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Figure 7.- Variatlon of the mean veloclty of the
flame with jacket temperaturs.
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Figure 8.~ Effect of the temperature en the time
interval before the occurrence.of
1etonation.
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Figure 9.
Detonation
(D) and auto-
ignition (H)
in the -
engine,
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N.A.C.A. Technical Memorandum No. 928 Fig. 10

Figure 10.- Disappearance of the detonation as a result
of the auto-ignition of the *hot point" (H).




A, Carbon monoxide-air mixture. B, Carbon monoxide-oxygen mixture. C, Ethane-air mixture.
Figure 11.- Three types of flame propagation in closed tubes. (Tests of Rivin and Voronkov)
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